Most vehicles equipped with automatic transmissions use torque converter clutches to reduce the fuel consumption, and recently its slip control scheme is studied for the expansion of the operating region of the torque converter clutch and thus for the further improvement of the fuel economy of vehicles. In this article, the analysis of the torque converter clutch system including the line pressure control unit of the automatic transmission and the actuating hydraulic control unit of the torque converter clutch is performed, and a feedback controller for its slip control is designed. The performance of the designed slip controller is verified by simulations and experiments, and the effect of the torque converter clutch slip control on the fuel economy is examined using a driving cycle simulation.
INTRODUCTION
Nowadays, many passenger cars adopt torque converter clutches to reduce the fuel consumption of automatic transmission equipped vehicles. In general, the operating condition for locking up the torque converter is limited to the high-speed driving region, so the slip control scheme of the torque converter clutch, i.e., slipping the torque converter clutch with the engine at a predetermined speed difference is applied recently to further reduce the fuel consumption of vehicles equipped with automatic transmissions. However, the feedback control algorithm for the torque converter clutch slip system has not been deeply studied yet.
In this article, a slip control algorithm for the torque converter clutch system is presented. 
SCHEME OF SYSTEM
The torque converter clutch slip system considered in this article is composed of an engine, a torque converter, a power transmission system, a driveline, and a hydraulic system as shown in Figure 1 . The torque converter clutch is operated by the pressure, which is determined in the hydraulic control system by the electronic duty control signal from TCU(transmission control unit). Mathematical models of the components of the, power transmission system and the hydraulic system are listed in the reference [1] .
HYDRAULIC SYSTEMS ANALYSIS The hydraulic system for operating the torque converter clutch is made up of a lockup solenoid valve, a lockup modulator valve, and a lockup control valve, as shown in Figure 3 . The lockup solenoid valve is operated by the PWM signal from TCU, and controls the displacement of the lockup control valve spool, by which the pressure supplied to the torque converter clutch is formed. Using the analysis results of the line pressure control unit, the steady-state relationship between the PWM duty signal of the lockup solenoid valve and the applied pressure to the torque converter clutch can be obtained [1, 2] , which is a very important factor for control design.
SLIP CONTROLLER DESIGN
The slip control system proposed in this article consists of a slip control region detector and a feedback controller as shown in Figure 4 . 
where T0lock, Te, Tp, T1, T1, respectively represents the required torque applied to the torque converter clutch, the engine output torque, the impeller reaction torque, the turbine reaction torque, the driving resistance torque, and k1, k2 are constants which can be calculated from the mathematical model. From (1), the necessary duty ratio TCU should apply to the lockup solenoid valve is calculated using the analysis results of the hydraulic system as follows:
where k, is a constant, and f (Plock) is the mapping from the pressure applied to the torque converter clutch to the PWM duty ratio of the lockup solenoid valve. In general, the perfect tracking of the reference speed difference is impossible with the open-loop control only when the mathematical model is not exact or there are errors in parameters. Therefore, a fuzzy logic controller is designed to compensate for modeling errors and to achieve precise tracking performance. It may be possible, however, that other robust control schemes be used in place of the fuzzy logic controller described here. The scheme of the slip controller presented is shown in Figure 6 . SIMULATION Figure 7 shows the simulation result of the torque converter clutch slip control based on the mathematical model of a vehicle equipped with an automatic transmission and assumes 20% parameter error of the static friction coefficient of the torque converter clutch, which is an typical slowly-varying parameter that suffers from the aging effect. Without the feedback controller, the controlled trajectory could not track the reference speed difference exactly due to the parameter error. On the contrary, Figure 7 shows that the control performance is much better than that with open-loop control only. Also, the presented slip controller showed better tracking performance than that with the feedback controller only [3] . Consequently, the use of both the open-loop control and the feedback control is necessary for precise tracking. Figure 10 that the smooth convergence to the reference is possible with the presented slip controller. The steady-state tracking performance of the presented slip controller shown in Figure 11 reveals that the trajectory of the speed difference tracks the reference speed difference exactly. As a whole, it can be concluded that, the presented controller for the torque converter clutch slip system is an adequate one to achieve good slip control performance.
EFFECT OF SLIP CONTROL ON VEHICLE FUEL ECONOMY
To evaluate the effect of the torque converter clutch slip control on the fuel economy of vehicles equipped with automatic transmissions, driving cycle simulations for the urban mode and the highway mode were carried out, and the fuel consumption of the automatic transmission equipped vehicle was calculated. POTAS-VPS [6] , an analysis software for the driveability and the fuel economy of vehicles, is used for the driving cycle simulation. The simulation result for the LA#4 urban mode is shown in Figure 12 . The dots in the vehicle speed profile stands for the points where the slip control occurs. In contrast to the urban mode, the simulation result for the highway mode indicated that, the occurrence of the slip control is much less than that in the urban mode, because the torque converter clutch is usually locked up due to the high-speed operating status of the vehicle. As a result, the slip control mainly influences on the reduction of the fuel consumption in urban driving. The absolute amount of the reduction of the fuel consumption due to the slip control of torque converter clutch is presented in Table 1 . shown by the driving cycle simulations. As a result of the driving cycle simulations, the slip control is predicted to effectively reduce the fuel consumption of vehicles with automatic transmissions in urban driving rather than in highway driving.
